We investigated the direct ionization and desorption of solid C 60 by the irradiation of femtosecond nonresonant (neutral and cationic states) pulses at 1.4 μm. We concluded that ion desorption is induced by Coulomb explosion. Initially formed highly charged molecular ions were annihilated with neighboring neutral or lower-charged ions, which finally resulted in singly charged C 60 . The electronically and vibrationally excited hot ions were formed by the release of excess energy after the charge redistribution, electron-hole recombination, and electron impact processes leading to delayed (thermal) ionization. Singly charged ions were finally emitted due to the high density of the surface charge.
Introduction
Chemistry under highly intense femtosecond laser fields, the electric fields of which are larger than those of valence electrons in molecules, continues to develop.
1) The most fundamental process under such fields is ionization, and many interesting features have been observed. However, the ionization of atoms (rare gases) and simple (few-atomic) molecules have been the main focus of these studies. We have examined a variety of organic molecules and found many interesting features 2) such as intact molecular ion formation, 3, 4) atomic-like ionization behavior, 5, 6) and multiple ionization followed by structure specific anisotropic Coulomb explosion. [7] [8] [9] The possibility of intact molecular ion formation by femtosecond laser pulses was identified in 1995. 10) However, it is evident that intact molecular ion formation is not always possible when utilizing the fundamental wavelength of a conventional Ti:Sapphire laser. We have identified a key factor to the formation of intact molecular ions. 11, 12) We concluded that fragmentation is enhanced when the cation radical exhibits absorption at the laser wavelength. Optimizing the laser wavelengths resulted in dramatic improvement of the intact molecular ion yield. 13, 14) We thus demonstrated the advantage of femtosecond laser ionization in detecting dioxin derivatives by longer wavelength ionization. 15) Figure 1 shows the time-of-flight mass spectra of naphthalene ionized by different wavelengths. In contrast to the results of 0.8-µm ionization, fragmentation was dramatically suppressed by using 1.4-μm pulses. The importance of radical cations in the postionization fragmentation process is now increasingly recognized, [16] [17] [18] but controversy as to the fragmentation mechanism is ongoing. Evidently, we can use a suitable wavelength that is off-resonant with the molecular cation radicals to avoid fragmentation, although the molecular ion was formed by a nonresonant ionization process.
In addition to wavelength, pulse width is an important factor for intact molecular ion formation. 19) A fifteen-femtosecond pulse reduced the fragmentation of cyclohexane molecular ions compared with 30-fs pulses, 20) although the cyclohexane cation radical shows absorption at the laser wavelength. A shorter pulse does not allow cation radicals to accumulate significant photon energy to induce fragmentation. Polarization was also important because the direction of the laser polarization should be parallel to the transition moment of the cation for photoexcitation. 21) These studies have resulted in a number of important findings; however, the main foci of those studies have been isolated atoms and molecules. The interaction between an ultra-high-intensity field (10 16 Wcm -2 ~) and condensed matter such as metal and polymer has been studied in relation to energetic particle (electron, neutron, proton, etc.) emission in plasma physics. 22) In contrast, few studies on the ionization of liquid and solid organic molecules can be found in the literature, and the ionization/desorption mechanism is still unknown. Because organic molecules in the solid phase are aggregated by van der Waals forces, the electronic character of the molecule remains and is the most different feature from metals that form electronic band structures. In addition, desorption of molecule does not require the bond-breaking that is often necessary in the case of polymers.
We investigated the direct (no pre-vaporization laser, matrix-free) ionization and desorption of fullerene solid by femtosecond laser fields. To prevent the substrate from affecting the processes, we used a thick organic layer and a transparent substrate. 23) Contrary to the recent results regarding fullerene on silicon substrate with resonant pulses (400 nm, 200 fs; 800 nm, 120 fs), 24, 25) only a singly charged molecular ion was observed both with 800 nm (45 fs) and 1400 nm (58 fs). Ionization and desorption mechanisms are discussed herein.
Experiments
Details of the ionization experiments have been described in elsewhere. 5, 14) Briefly, a 45 fs pulse from a 0.5 TW all-diode-laser-pumped Ti:Sapphire laser system (100 Hz, > 15 mJ, 800 nm) was used to pump the optical parametric amplifier. The pulse width was measured by a second-order scanning autocorrelator. The same optical elements, such as the ionization chamber window, focusing lens, beam splitter, and neutral density filter, were placed in front of the autocorrelator to have the same group velocity dispersion. A pulse of 58 fs (fwhm) duration at 1.4 μm was used for the experiments. The laser beam was focused onto C 60 with an incident angle of 45 degrees using a plano-convex quartz lens with a focusing length of 300 mm. The actual laser intensity at the focus was determined by measuring the saturation intensity of xenon by the method of Hankin et al. 26) The ion generated by focusing laser light was analyzed by a homemade Wiley-McLaren-type dual extraction stage time-of-flight mass spectrometer. The resolution of spectrometer was 500 for xenon. An aperture of 6 mm diameter was located on the extraction plate. The base pressure of both the ionization and time-of-flight chambers was below 5×10 -7 Pa. The pressure during the C 60 experiments was below 10 -5 Pa. The pressure in the time-of -flight mass chamber was kept one-third of that of the ionization chamber by differential pumping. An excess amount of C 60 was finely powdered by stirring in toluene for several hours and slurry was deposited on quartz plate followed by solvent evaporation in vacuum. A thin sample plate was inserted in the acceleration region, and hence the ion optics were optimized to correct the distortion of the electro static field. The sample plate was moved for shooting laser beam on the fresh surface. 
Results and Discussion

Ionization of Solid C 60
An intact molecular ion was observed at laser intensities below 5×10 12 W/cm 2 . As the laser intensity increased, a singly charged carbon ion, C 2 loss fragments (C 60-2n + ), as well as C 2 attached ions (C 60+2n + ) appeared as shown in Fig. 2 . At higher intensities, heavy fragmentation, delayed ionization, and dimer cation formation were observed, as shown in Fig. 3 . It is very characteristic that no doubly charged molecular ion appeared. The characteristic findings in the direct ionization and fragmentation of solid fullerene in this work were:
, and (vi) C + formation. These results were compared with the ionization of solid fullerene on silicon substrate by resonant femtosecond laser pulses.
24) Significant differences were found in (iv), (v), and (iv). The ion yield of the dimer was increased as the laser intensity increased in this work, whereas it diminished at high intensity. 24 ) M 2+ and its fragmentation were observed. 24) Though the low-mass region was heavily contaminated by hydrogen, C + was not identified as the first fragment. 24) These differences clearly indicate the existence of different ionization and desorption mechanisms. These differences appear to originate in resonant excitation of fullerene and also in the contribution of substrate to the ionization and desorption processes. The contribution of the photoinduced fragmentation process of C 60 + must be included because the molar absorption coefficient of cation radical at 400 nm was approximately 40 times larger than that at 1.4 μm, 27) and the relatively long duration of the laser pulse (200 fs) was sufficient to excite cation radical. The band gap of silicon is lower than that of C 60 and only 1.1 eV, which corresponds to the wavelength of 1.1 μm. Substrate would be excited and heated if the C 60 was thin enough to allow a laser beam to penetrate the substrate. Substrate would be ionized when the laser intensity was sufficiently high. On the contrary, substrate was not damaged in our experiments due to the thick C 60 layer.
A striking difference from gas-phase femtosecond laser experiment was the absence of highly charged C 60 . Highly charged molecular ion formation by femtosecond laser pulses under isolated conditions has now become common practice. 13, 28) Highly charged C 60 (up to 12+) are formed in the gas phase if we use a nonresonant wavelength of the cation. 29) Thus highly charged molecular ions must initially be formed by 1.4-μm (58 fs) pulse irradiation, even in the solid phase. M 2+ was observed in the gas phase at 7×10 13 Wcm -2 by 795-nm excitation (35 fs); 30) however, we cannot observe M 2+ with 800-nm (45 fs) pulses at 10 14 Wcm -2 . Therefore, highly + emissions without heavier fragments should be a key to clarifying the mechanisms of the desorption processes. The formation of C + is indicative of bond-breaking, but we cannot identify the C-loss fragment of C 60 (Fig. 2) , partially due to the lack of resolution and the broader peak of C 2 loss fragments with high kinetic energy. It should be noted that aromatic hydrocarbons also showed the same tendency. Figure 4 shows the mass spectra of anthracene solid. The first fragments were also C + as well as H The ionization rate depends primarily on the ionization potential; however, it differs according to the phase and takes place easily in the solid phase. The vertical and adiabatic ionization potential of C 60 is 7.61 eV in the gas phase, while the work function, threshold (bulk), and peak (near to the surface) ionization potentials of solid C 60 are 4.85, 6.17, and 6.85 eV, respectively. 31) As for ionization mechanisms, the Keldysh adiabaticity parameter defines the border between the multiphoton ionization and tunnel ionization regime of atoms. 32) Suppose the ionization potential is 6.17 eV, is 1.3 at 1×10
13 Wcm -2 (1.4 µm). Thus, both tunnelling and multiphoton ionization mechanisms may be involved under our experimental conditions. We need to measure the photoelectron spectra to clarify this problem.
33)
Desorption Mechanism
Based on the experimental results, we are proposing the following ion emission (desorption) mechanism ( (Fig. 3 ).
During the above processes, excited hot ions were formed and dissociated into fragment ions. A dimer cation was presumably formed away from the surface by the collision between hot ion and hot neutral at the wing of the focus spot, giving a mass peak with broad distribution. On the assumption that the intermolecular distance is 9.5 Å, the Coulombic repulsion energy between C 60 + s is 1.5 eV. If C 60 + is surrounded by several C 60 + s, the energy is well above the enthalpy of sublimation of neutral C 60 (181 kJmol -1 , 1.9 eV). 34) C + was also emitted by Coulomb explosion, probably due to the temporal charge localization 35) within the framework of C 60 .
Conclusion
We studied the direct (no vaporization laser, matrix-free) femtosecond laser ionization of solid fullerene. To some extent, the question regarding the desorption mechanism was investigated; however, C 60 is a somewhat special molecule due to its multiply charged ion formation and large dissociation energy. Further examinations of a variety of organic molecules are necessary to draw decisive conclusions regarding the general ionization and desorption mechanism by femtosecond laser pulses. The direct laser ionization and desorption method has several advantages: ionization is possible for large nonvolatile molecules (heating is not necessary); relatively low laser intensity is required to ionize solid materials; small interference by residual gases is expected; there is no need to choose a suitable matrix, which is an indispensable and troublesome procedure for matrix assisted laser desorption ionization (MALDI); and any molecule will be ionized by nonresonant ionization processes. Although indirect ionization methods such as MALDI and DIOS (Desorption ionisation on porous silicon) 36) are quite useful for analytical purposes, direct laser ionization using femtosecond laser pulses makes soft ionisation methods possible.
